Structure-mechanical deformation relationship in metals and alloys is well understood because of unambiguously identified plastic deformation carrier such as dislocation. Unlike dislocation in metals and alloys, lack of well-defined defects in BMGs makes the study of structural origin of plastic deformation particularly challenging. Currently, the broadly accepted plastic deformation theory of BMGs is phenomenological STZs theory proposed by Argon 1,2 . STZs theory provides reasonable atomic mechanisms of heterogeneous deformation 1 at room temperature (RT) and homogeneous deformation 1,2 at high temperature (HT), but experimental verification of these atomic mechanisms by directly characterizing STZs is still missing. The lack of studies on direct characterization of STZs in real space by TEM and even HRTEM is due to inherent features of
general since there are brittle Pd-based BMGs 11 with higher than some ductile Zr-based BMGs 12 . Moreover, high temperature mechanical tests estimate that STZs contains 20~30 atoms 3, 5, 6 . Other RT nanoindentation investigations estimate that STZs include 20~30 atoms 8, 9 while values around 200~700 atoms 7 are also claimed. These STZ size values, however, without doubt mislead us to conclude that STZ size is constant or even decreases with temperature, which is shown wrong later in this paper. Additionally, the size of STZ estimated by these indirect characterization methods is questionable since several parameters are tuned in the fitting formula. Also, STZ density is ignored in their formulas.
Here, we demonstrate that anisotropic component of the PDF 13, 14 is an accurate method of characterizing both defects' size and density because it describes local atomic re-arrangements in response to stress in terms of inter-atomic position in real space. More importantly, this method firstly provides a direct evidence of defects' structure without relying on STZ model fitting. In the following section, the theoretical basis of anisotropic PDF is discussed first, and then utilizing this framework, we study stress, composition, pressure, and temperature dependence of defects to reveal the structural origins of a mechanical response in BMGs.
The basic idea of deformation defects characterization is to compare the structure of BMGs in the activated defects state with the structure expected for affine deformation i.e. ideal elastic state.
It has been experimentally proved that localized inelastic deformation can be activated in elastic regime 14 . Thus, to examine the structure of the activated defects state in-situ diffraction studies were performed under uniaxial stress below yielding point. The two-dimensional (2-D) diffraction patterns were collected using high energy X-ray as a function of the applied load. By processing this 2-D diffraction pattern (see methods section), we obtain isotropic PDF, , reflecting volume change, and anisotropic PDF, , containing information about the shearinduced structural change. Since inelastic deformation in activated defects is purely a shearinduced event, should provide intrinsic information about deformation defects. For pure affine-deformation state can be calculated through an expression in terms of the first derivative of as where "±" signs indicate compression and tension respectively, and is the affine strain.
Therefore, structural comparison between the activated defects state and affine-deformation state is just the difference in the respective anisotropic PDFs. is calculated by matching and over r range between 6.6 Å and 24 Å. Obvious difference between and is seen below 4 Å.
First, an average radius of deformation defects can be determined from . Next, the amplitude of reflects the other intrinsic characteristic of deformation defects, namely the density. Iwashita et al. 18 found that the number of atoms participating in topological rearrangement can be calculated by a formula given as where "+" is for uniaxial tension case and "-" is for uniaxial compression. Using this equation, we found that linearly increase with stress in elastic regime (Fig. 2) . Because defect size does not change with stress, the increase of must be due to the increase in number of activated defects. Clearly, our analysis based on reveals that defect size and density can be directly characterized without a need to arbitrary tune several parameters in model methods. We now consider the effect of the chemical composition on defect size and density utilizing our method. Several studies suggest that the ductility of BMGs is correlated with high Poisson's ratio, but some abnormalities point out that this correlation may not be general: first, annealing below the glass transition temperature, T g , makes ductile BMGs brittle but hardly change ν (less than ±2%) 19 ; next, the ductility of Zr-based BMGs shows strong composition dependence, i.e. a small composition variation without a big change in ν leads to a brittle-ductile transition; third, Pdbased BMGs have higher ν than most Zr-based BMGs but they are brittle. To understand what controls intrinsic ductility we study several Zr-based BMGs with different ductility, Pd-, and Ptbased BMGs with the largest value ν. BMGs is the same as Zr-based BMGs. Therefore, the deformation defects of Zr-, Pt-, and Pd- Now we examine the correlation between ductility and defect density. Here, instead of using stress dependent , we defined a normalized parameter, . The has a remarkable simple relationship with the concentration of atoms having topological change, , and the stress relaxed by topological rearrangement in activated defects, , given as where corresponds to affine deformation (see the derivation of this expression in Methods section). This expression clearly defines the physical meaning of , i.e. stress relaxation ability.
The parameter does not depend on stress in elastic regime (see Supplementary Information, Figure S2 ). Fig. 4 presents -ν map for all BMGs we studied. In this map, three BMGs above the orange line exhibit above 20% plasticity 12, 20, 21 and even show some tensile plasticity 12, 22 23 . Based on our characterization method, we reveal that defect density controls the ductility rather than defect size and ν. Also it is clear from the map that Zr-based alloys are marginally ductile thus sensitive to production conditions and quenching rate. BMGs' plastic deformation at room temperature is asymmetrical under compressive and tensile load and the brittle fracture under tension is ascribed to pressure or normal stress effect. However, the influence of normal stress on the activation of deformation defects remains elusive. Here, we compare tension and compression cases using the abo ve-mentioned method. By comparing , we find that the size of activated defects has no pressure dependence and topological rearrangement stays within the first atomic shell for both compression and tension (see Supplementary Information, Figure S4 ). However, shows strong dependence on the sign of normal stress, as presented in Table 1. A small indicates BMGs' brittle tendency under tensile load. In addition, two intrinsic features of deformation defects in BMGs are discovered: a) deformation defects behave more unstable under tensile load; b) volume expansion does not assist local topological rearrangement in defects. We now discuss how temperature affects defects. Fig. 5 shows measured at two temperatures (300K and 623K) for Zr 65 Cu 17 Ni 8 Al 10 BMG. Importantly, measured at 623K starts to deviate from at r value beyond the first atomic shell, indicating defect size grows with the increase of temperature. Likewise to defect size, the value of also rises with temperature (Fig. 5e) . The increase of with temperature is not linear but surges at temperature close to T g . These experimental data demonstrate the atomic mechanism of inhomogeneous-to-homogeneous deformation transition proposed by the STZ theory. During homogeneous deformation STZs are no longer isolated but connect with each other 2 , grow in size and stress is relaxed. Here, we only perform quasi-static mechanical testing during structural study, but it is worth to mention that defect size has strain-rate dependence at high temperature as found by MD simulation 
Methods
Sample preparation. BMG rods were prepared by the tilt casting method 24 . The amorphous nature of the samples was confirmed by high energy X-ray and differential scanning calorimetry.
For in-situ high energy X-ray diffraction study, cylinders with 2 mm diameter × 4 mm height were used for compression tests while standard dog-bone specimens 0.6 mm thick and 9 mm tall were used for tension tests.
In-situ high energy X-ray diffraction. Structural response to external load was studied by in- In order to do comparison, for tension cases is flipped down.
